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Uptake of low density lipoprotein (LDL) and of acetyl
LDL was compared in skin fibroblasts, smooth muscle
cells, and peritoneal macrophages with the use of lipo-
proteins labeled with either 125I or the fluorescent probe
3,3-dioctadecylindocarbocyanine (DiI). The uptake of
Dil-labeled lipoproteins was assessed by quantitative spec-
trofluorometry and by fluorescence microscopy. The DiI
was quantitatively retained by the cells, while the 25I-
LDL was degraded and "25I-labeled degradation products
were excreted from the cells. In smooth muscle cells and
fibroblasts the uptake of LDL was virtually the same
whether measured with the use of the DiI or "2'M-label
(sum of cell-associated and degraded 1251). The labeling
ofacetyl LDL with DiI enhanced its uptake it peritoneal
macrophages by an average of 18%. With the DiI label,
lipoprotein uptake (DiI-LDL for smooth muscle cells and
skin fibroblasts and DiI-acetyl-LDL for mouse peritoneal
macrophages) could be determined after as little as 10
minutes of incubation at 37 C. The pattern of uptake of
the DiI-labeled lipoproteins was consistent with binding
to specific receptors, because no DiI could be detected
in mutant cells without LDL receptors, and uptake was
competitively inhibited by addition of excess unlabeled
lipoprotein. When the DiI-labeled lipoproteins were re-
moved from the medium, there was a 5-15% loss of DiI
from all cell types studied over the first 24 hours. There-

after, DiI loss from cells was dependent on cell type and
culture medium. No further loss of DiI occurred from
skin fibroblasts for up to 96 hours ofincubation in medium
supplemented with either lipoprotein-deficient serum
(LPDS) or 10% fetal bovine serum. During this same time
period there was a 40-60% loss ofDiI from smooth mus-
cle cells and macrophages incubated in medium sup-
plemented with LPDS. Most ofthe DiI lost from the cells
(60-70%) could be recovered in the culture medium but
was not the result of cell death, as was indicated by the
relatively constant protein concentrations per dish. The
loss ofDiI was markedly reduced in smooth muscle cells
and macrophages when 10% fetal bovine serum was sub-
stituted for the LPDS in the culture medium. This sug-
gests that some cells incubated with LPDS undergo
changes, perhaps in the plasma membrane, that alter their
ability to retain the DiI. In the presence of 10% fetal bo-
vine serum, however, the DiI label is quantitatively re-
tained by all cells tested for up to 96 hours. As a result,
DiI provides a potentially useful alternative to radio-
labeling for quantification oflipoprotein uptake. The DiI
label also permits parallel morphologic evaluation of
lipoprotein uptake by fluorescence microscopy, which has
several potential applications to the study of the cellular
events in atherosclerosis. (AmJ Pathol 1985, 121:200-211)

THE PATHOGENESIS of atherosclerosis is a complex
process involving the interaction of a variety of com-
ponents with the cellular elements of the arterial wall.
Central to an understanding of the pathogenesis of this
disease is the role of lipoproteins and their metabolism
by the cells of the developing atherosclerotic lesion. By
the use of a variety of ultrastructural and biochemical
techniques, it is clear that the lipid-filled foam cells of
the atherosclerotic plaque arise from both smooth mus-
cle cells and macrophages.12 The macrophages appear

to have their origin as blood monocytes.3 4 Little is
known about the specific biochemical events that are
responsible for foam cell formation in the arterial wall
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and whether the mechanisms are different for smooth
muscle cells and macrophages. The development of cell
culture techniques has provided a mechanism for study-
ing the metabolism of these cells in vitro. With these
techniques it has been shown that smooth muscle cells
and a number of other cell types possess plasma mem-
brane receptors for low density lipoproteins (LDL). The
LDL is taken into the cell by receptor-mediated endocy-
tosis and delivered to the lysosomes, where the LDL
is degraded, which makes cholesterol available to the
cell. This is known as the LDL receptor pathway (for
a review, see Goldstein and Brown5). On the other hand,
macrophages have very few LDL receptors, and instead
possess receptors for the uptake of abnormal lipopro-
teins. An example is LDL that has been altered chemi-
cally by acetylation, which is taken up by what has been
termed the "scavenger receptor." Another abnormal
lipoprotein, (J-VLDL, which is produced in certain
cholesterol-fed animals and accumulates in the plasma
of patients with Type III hyperlipoproteinemia, is taken
up by a different receptor, the (3-VLDL receptor (for a
review, see Brown and Goldstein6). Lipoprotein uptake
by the scavenger and (J-VLDL receptors results in the
accmulation of massive amounts of cholesteryl esters
in the macrophage. Because receptors for normal LDL
are found on smooth muscle cells but not macrophages
and receptors for abnormal lipoproteins are found on
macrophages but not smooth muscle cells, this provides
a potential mechanism for distinguishing between these
cell types in the atherosclerotic lesion. Making this dis-
tinction requires the development of a procedure for
labeling the lipoproteins in such a way that their up-
take by different cells can be discriminated microscopi-
cally as well as biochemically.

Recent studies by Pitas and co-workers7 8 have de-
scribed a labeling procedure using the fluorescent com-
pound 3,3'-dioctadecylindocarbocyanine (DiI). DiI-
labeled acetyl LDL and native LDL have been used to
visually identify macrophages, fibroblasts, and smooth
muscle cells in both pure and mixed culture systems and
in cells derived from arterial explants.7'8
The purpose of the present study was to further char-

acterize the use of DiI-labeled lipoproteins for the study
of cellular lipoprotein metabolism. The uptake of the
Dil-labeled lipoproteins was compared with that of the
homologous '251-labeled lipoproteins in a variety of cell
types for determination of the extent to which the spec-
trofluorometric determination of cellular fluorescence
can be used to quantify LDL uptake and for determi-
nation of the extent and conditions under which the
DiI is retained by cells in culture. These quantitative
measures were compared in parallel experiments with
the cellular appearance of the DiI as determined by
fluorescence microscopy.

Materials and Methods

Lipoprotein Isolation and Labeling
Low density lipoproteins were isolated as previously

described from the plasma of rhesus monkeys (Macaca
mulatta) consuming a cholesterol-containing diet.9 LDL
was labeled with l25l by the iodine monochloride
method as described previously.9 Labeling of the LDL
with the fluorescent probe DiI (Molecular Probes, Inc.,
Junction City, Ore) was accomplished with the use of
a minor modification of the method described by Pitas
et al.8 For this, filter-sterilized (0.45 1., Gelman Acrodisc)
LDL was diluted to a concentration of 1 mg LDL pro-
tein/ml in phosphate-buffered saline (PBS).9 Sufficient
lipoprotein-deficient serum (LPDS) was added to give
a ratio of LDL protein to LPDS protein of 1:5. The
LPDS was prepared from calf serum.'0 A stock solu-
tion of DiI was prepared by dissolving 3 mg DiI in 1
ml of dimethyl sulfoxide. The stock DiI was added to
the LDL-LPDS mixture to give a final concentration
of 150 jig DiI/mg LDL protein. This solution was gently
mixed and incubated for 18 hours at 37 C. After the
incubation period the density of the mixture was ad-
justed to 1.080 g/ml with solid KBr and overlayered with
4 ml of 1.063 g/ml KBr solution. The labeled LDL was
isolated at 4 C by centrifugation at 36,000 rpm for 24
hours in a Beckman SW-40 rotor. The top 3 ml, con-
taining the DiI-labeled LDL, were collected by tube slic-
ing and dialyzed overnight against 2 liters of 0.9%o NaCl
and 0.01%o ethylenediaminetetraacetic acid (EDTA). The
DiI-LDL was sterilized by filtration through a 0.45-p
filter and stored under sterile conditions at 4 C. DiI-
LDL was acetylated with acetic anhydride by the
method of Goldstein et al.

Cells

Monkey aortic smooth muscle cells (MSMCs) and
skin fibroblasts (MSFs) were obtained from the tunica
media of the thoracic aorta and from the skin of nor-
mal adult rhesus monkeys as described previously.10
Normal human skin fibroblasts, skin fibroblasts from
a patient with the receptor negative form of familial
hypercholesterolemia (GM-2000), and skin fibroblasts
from patient J.D. with the internalization-defective
form of familial hypercholesterolemia (GM-2408) were
obtained from the Human Genetic Mutant Cell Reposi-
tory, Camden, New Jersey. Resident mouse peritoneal
macrophages (PMs) were obtained from 6-week-old fe-
male Swiss albino mice (Harlan-Sprague-Dawley, In-
dianapolis, Ind) by peritoneal lavage essentially as de-
scribed by Edelson and Cohn.'2
Both smooth muscle cells and skin fibroblasts were

grown as described previously9 in Eagle's minimal es-
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sential medium (Auto-Pow) supplemented with twice
the normal concentration of vitamins (Eagle's vita-
mins), 100/o fetal bovine serum (FBS), 23 mM sodium
bicarbonate, 200 mM L-glutamine, 1.5 mg a-D(+)-
glucose/ml, 100 IU penicillin/ml, and 100 mg strep-
tomycin/ml. This is referred to as growth medium. All
cells used in experiments were between the 6th and 22nd
passage with a 1:3 split at each passage. For biochemi-
cal studies, 1 x 106 cells were plated into 100-mm tis-
sue culture dishes and for microscopic studies 1.5 x
105 cells were plated onto tissue culture chamber/slides
(#4802, Lab-Tek, Miles Labs, Naperville, Ill). Three days
later the growth medium was replaced with "experimen-
tal medium" consisting of growth medium in which the
fetal bovine serum was replaced by 2.5 mg protein/ml
of LPDS. Experiments were initiated after the cells had
been incubated in the presence of this LPDS-containing
medium for 24-48 hours. Under these conditions the
cells were 80-100% confluent in 100-mm dishes and
60-80Wo confluent in slide chambers.

Peritoneal macrophages were suspended in growth
medium without serum and plated onto 35-mm dishes
and slide chambers at densities of 6 x 106 and 3 x
106 cells per dish or slide chamber, respectively.
Sufficient fetal bovine serum was added to each dish
or slide chamber to give a final concentration of 20%.
Cells were allowed to adhere for 2-15 hours, and nonad-
herent cells were removed by rinsing several times with
growth medium. The adherent cells were cultured in
growth medium for 24 hours prior to the addition of
the experimental medium containing the lipoproteins
to be studied.

All cells were incubated with the various lipoprotein
preparations for the times and at the concentrations in-
dicated in the legends to the figures and Table 1.

Analysis of Lipoprotein Uptake

After the indicated period of incubation, monolayers
of smooth muscle cells and skin fibroblasts from 100-
mm dishes were washed extensively with PBS contain-
ing bovine serum albumin (2 mg/ml) followed by PBS
alone as described previously.9 Cells were detached from
the dish with trypsin-EDTA, and the detached cells were
washed with three changes of PBS with albumin and
two changes of PBS alone. The washed cells were re-
suspended in 1 ml deionized water, then disrupted for
5 sec. by sonication with a microtip probe at a 30-watt
setting of a Heat Systems model 185 sonifier. Macro-
phages were extensively washed as described above and
removed from the dish by scraping with a rubber police-
man. The detached cells were disrupted by sonication
as described above.
The DiI content of labeled LDL and acetyl LDL in

the cell sonicates was determined by measuring the
fluorescence of DiI following extraction of the lipopro-
teins and cells by the method of Bligh-Dyer. 13 The DiI
was quantitatively extracted into the chloroform phase
and was analyzed for fluorescence in an Aminco-
Bowman spectrofluorometer with an excitation of 520
nm and an emission of 578 nm. DiI standards were pre-
pared in chloroform.

For measurement of the uptake of 1251I-LDL the cells
were washed and detached from the dishes as described
above. The cell-associated LDL was determined after
disrupting the cells by sonication. Degraded LDL was
determined as trichloroacetic-acid-soluble, noniodide
1251 in the culture medium. Bound LDL in MSMCs and
MSFs was determined as the 1251 radioactivity released
from the washed cells by trypsin-EDTA treatment.
These procedures have been described in detail else-
where.9 The protein content of cells and lipoproteins
was determined by the method of Lowry as modified
by Kashyap et al.14

All experiments were repeated at least once with be-
tween two and four replicate samples for each data
point.

Microscopy and Photography

Cell monolayers for fluorescence microscopy were in-
cubated with Dil-lipoproteins for the indicated times,
rinsed with five changes of PBS with albumin and two
changes of PBS, and fixed with cold 3% phosphate-
buffered formalin. Coverslips were secured with gela-
tin mounting medium. Fluorescence microscopy was
performed with a Leitz Ortholux fluorescence micro-
scope. Epifluorescent illumination was obtained with
a rhodamine filter package. Photographs were made
with Kodak Tri-X Panchromatic film.

Results

The DiI standard curve was linear over a range of
10-1000 ng DiI/ml CHC13 with 10 ng DiI/ml CHC13
being the useful lower limit of sensitivity. The DiI con-
centration of the lipoproteins used in this study was de-
termined by spectrofluorometric analysis on the chlo-
roform extract of each of the lipoprotein preparations.
Concentrations were expressed as ng DiI/,ug LDL pro-
tein. The mean incorporation of DiI into LDL for those
preparations used in these experiments was 28.2 ± 6.3
(SD) ng Dil/pAg LDL protein (n = 5). The number of
molecules of DiI per molecule of LDL was estimated
from the mass ratio of DiI (Mr 964) to LDL protein
(Mr 695,000-1,285,000). The LDL protein molecular
weight was calculated from the molecular weight of the
LDL determined as described previously9 and the per-
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cent protein composition (20.7 ± 4.6) of the LDL used
in each experiment. On the average, 26 molecules of
DiI were present per molecule of DiI-LDL.

Initial experiments in which acetyl LDL was labeled
with DiI exactly as described above revealed a marked
reduction in the DiI labeling efficiency, compared with
that of LDL. The mean incorporation of DiI into these
preparations was 5.9 ± 2.0 ng DiI/,ug acetyl LDL pro-
tein (n= 2). This represents approximately 4 molecules
of DiI per molecule of acetyl LDL. Because of this low
labeling efficiency of acetyl LDL, all DiI-acetyl-LDL
used in these experiments was prepared by acetylation
of LDL that had been previously labeled with DiI. The
acetylation procedure resulted in no significant loss of
DiI from the DiI-LDL.
Monkey skin fibroblasts, smooth muscle cells, and

mouse peritoneal macrophages were incubated at 37 C
with DiI-LDL or DiI-acetyl-LDL at a concentration of
10 Mg protein/ml. Cells were incubated for the times
indicated in Figure 1 and analyzed for DiI content. The
uptake of DiI-LDL by monkey skin fibroblasts and
smooth muscle cells was most rapid during the first 30
minutes of incubation; there was a linear but slower
rate of uptake over the next 90 minutes. The pattern
of uptake of DiI-acetyl-LDL by macrophages was simi-
lar, except that on a per-milligram-of-cell-protein ba-
sis there was greater uptake of acetyl LDL by the mac-
rophages. In addition, the rate of uptake of acetyl LDL
continued to increase between 60 and 120 minutes. This
is consistent with results by others showing little down-
regulation of the scavenger receptor with accumulation
of LDL cholesterol."1 There was no detectable uptake
of DiI-LDL by macrophages and no detectable uptake
of DiI-acetyl-LDL by monkey skin fibroblasts or
smooth muscle cells during 2-hour incubation (data not
shown). The uptake of the Dil-labeled LDL or acetyl
LDL markedly inhibited by coincubation with a 20-fold
excess (200 M.g protein/ml) of the unlabeled homolo-
gous lipoprotein (Figure 1). This is consistent with the
specificity of uptake by the LDL or acetyl LDL (scav-
enger) receptor pathways.
The pattern of uptake of labeled lipoproteins by

fibroblasts is illustrated in Figure 2, which demonstrates
a progressive accumulation of cytoplasmic fluorescence.
The fluorescence was most intense in the perinuclear
region corresponding to the general distribution of lyso-
somes (Figure 2B-D). The fluorescent material was oc-
casionally organized in linear arrays, presumably along
parallel stress fibers of the cell (Figure 2C), as has been
previously described with the use of monoclonal anti-
bodies to LDL receptors16 and Dil-labeled lipoproteins.8
The general pattern of accumulation of DiI by smooth
muscle cells and macrophages was similar to that of
fibroblasts, except that in macrophages the fluorescent
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Figure 1-Uptake of Dil-lipoproteins by monkey skin fibroblasts (MSF),
monkey smooth muscle cells (MSMC), and mouse peritoneal macrophages
(PM). MSFs and MSMCs were incubated with 10 * Dil-LDL protein/ml (0,
U) and PMs with 10 Agg Dil-acetyl-LDL protein/ml (A) at 37 C for the indi-
cated times. Identical incubations were done in the presence of a 20-fold
excess of unlabeled LDL (0, 0) or acetyl LDL (A). The MSF averaged 0.59
mg protein/dish; the MSMCs, 0.48 mg protein/dish, and the PMs, 0.54 mg
protein/dish. Each point represents the mean of duplicate dishes.

material coalesced into large cytoplasmic pools. (Ex-
amples of this are illustrated in Figure 6A and C.)

To confirm that the uptake of DiI-LDL was the re-
sult of a receptor dependent process, we incubated cul-
tured skin fibroblasts from normal human subjects, pa-
tients with an inherited lipoprotein internalization
defect (JD), and patients with the LDL receptor nega-
tive form of familial hypercholesterolemia (FH) with
10 Mg/ml DiI-LDL for 2 hours at 37 C. One group of
cells was examined by fluorescence microscopy, and an-
other was analyzed for DiI content by the spectrofluoro-
metric assay. As illustrated in Figure 3, the distribution
of fluorescence in the normal human skin fibroblasts
was consistent with the uptake of the DiL-LDL by the
LDL receptor pathway (panel A). In FH and JD fibro-
blasts there was considerably less fluorescence. The
fluorescence that was present, however, appeared to be
localized on the surface of the cell (particularly JD
fibroblasts) rather than within the cell. When cellular
fluorescence was measured, there were similar concen-
trations in both normal human and monkey cells, less
than 20070 of normal concentrations in JD fibroblasts,
and no detectable fluorescence in FH fibroblasts
(Table 1).

In order to determine the stability of the DiI label
in cells, we pulse-labeled skin fibroblasts and smooth
muscle cells with DiI-LDL, and macrophages were
pulsed-labeled with DiI-acetyl-LDL by incubation at
37 C for 2 hours. After the pulse period, the monolayers
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Figure 2-Microscopic appearance of Dil fluorescence with duration of incubation by monkey skin fibroblas.s. Cells were incubated with 10 mg Dil-LDL
protein/ml at 37 C for 10 (A), 30 (B), 60 (C), and 120 (D) minutes. After these periods of incubation the cells were washed, fixed, and prepared for fluores-
cence microscopy as described in Materials and Methods. (x 810)

were washed extensively as described in Materials and
Methods and incubated with fresh medium sup-
plemented with either LPDS or 10o fetal bovine se-
rum during the chase period of the experiment. Cells
were harvested at 24-hour intervals up to 96 hours and
analyzed for DiI and protein content (Figure 4).
The amount of cell protein per dish remained con-

stant or increased slightly throughout the 96-hour in-
cubation in medium containing LPDS. This is in con-
trast to the consistent increase in protein per dish when
maintained on serum-containing medium. This prob-
ably represents some cell growth in the case of fibro-
blasts and smooth muscle cells. In macrophages the in-
crease in cell protein appeared to be due to the growth
of nonmacrophage, fibroblastlike cells. Others have
reported the appearance of fibroblastlike cells among
cultured peritoneal exudate cells.17 As a result of this
increase in cell protein per dish, the amount of DiI re-
tained during the 96-hour chase period was expressed
on a per-dish basis. After the 2-hour pulse period the
absolute amount of DiI in the cells was similar to that
shown in Figure 1. Within the first 24 hours of the chase

period there was a 5-15 Wo decrease in the amount of
DiI per dish for all of the cell types. During the subse-
quent 72 hours there was little additional loss of DiI
from fibroblasts regardless of medium composition.
Smooth muscle cells and macrophages, however, lost
40-50%o of their DiI by 96 hours when cultured in
medium supplemented with LPDS. This did not ap-
pear to be the result of cell death, because the amount
of cell protein per dish did not decrease. The loss of
DiI was markedly reduced when the cells were incubated
in the presence of fetal bovine serum during the chase
period.

In order to determine whether the DiI was lost from
the cell or altered into a nonfluorescent form, we ex-
tracted the LPDS medium from the 48-, 72-, and 96-
hour chase intervals after a 24-hour pulse period and
assayed the chloroform extract for DiI using the de-
scribed spectrofluorometric procedure. In smooth mus-
cle cells 67Wo of the DiI lost from the cells during the
chase period was recovered from the culture medium,
and in macrophages 62We was recovered. In control
studies using an identical extraction procedure, 76Wo
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Figure 3-Microscopic appearance of cel-
lular Dil fluorescence after incubation of
normal human skin fibroblasts (A), fibro-
blasts from patient J.D. with the LDL inter-
nalization defect (B), and fibroblasts from
a patient with the LDL-receptor-negative
form of familial hypercholesterolemia (C).
Cells were incubated with 10 lAg protein/ml
of Dil-LDL for 2 hours at 37 C, washed,
fixed, and prepared for fluorescence
microscopy as described in Materials and
Methods. (x 900).

of a known quantity of DiI dissolved in methanol and
added to LPDS medium in culture dishes with or with-
out cells was recovered. Similar experiments were not
done with the chase medium from skin fibroblasts be-
cause there was minimal loss of DiI from these cells
when incubated with LPDS medium.
The cellular appearance of the DiI fluorescence in

skin fibroblasts during the chase period is illustrated
in Figure 5. At the end of the 2-hour pulse labeling
period, the bulk of the fluorescence was concentrated
in the perinuclear region of the cell with some diffuse
fluorescence detectable throughout the cytoplasm (Fig-
ure 5A). After the 24-hour chase period there was redis-
tribution of the cellular fluorescence into intensely

Table 1-Uptake of Dil-LDL by Normal and
Mutant Skin Fibroblasts

Normal monkey
Normal human
Internalization defective (JD)
Familial hypercholesterolemia (FH)

ng Dil/dish
29
32
60
0

Cells were incubated with 10 mg protein/ml of Dil-LDL at 37 C for 2 hours
in the presence and absence of a 20-fold excess (200 mg protein/ml) of
unlabeled LDL. Dil uptake in the presence of the 20-fold excess of unla-
beled LDL ranged from 10 to 1 1 ng/dish. This value was subtracted from
the cellular Dil content in the absence of the 20-fold excess of LDL so that
the specific uptake of Dil could be determined. Results are the mean of
duplicate determinations.

* This value is below the level of reliability of the spectrofluorometric
assay for Dil and should be considered as an estimate only.
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Figure 4-Retention of cellular Dil in medium containing either lipoprotein-deficient serum (LPDS) or fetal bovine serum (FBS). Monkey skin fibroblasts(MSF), (0, 0), monkey smooth muscle cells (MSMC) (O, U), and mouse peritoneal macrophages (PM (A, A) were incubated with Dil-LDL (MSFs,MSMCs) or Dil-acetyl-LDL (PMs) (10 Ag protein/ml) for 2 hours at 37 C (pulse period) in 35-mm dishes for the purpose of loading the cells with Dil. Cells
were then washed with PBS, one group was harvested at 0 time, and the remaining cells were incubated for the indicated time in medium containing
either LPDS (open symbols) or FBS (closed symbols). Triplicate dishes were pooled at each time period, and cells were assayed for Dil and proteincontent. The Dil content of the cells at 0 time was 12, 10, and 35 ngl35-mm dish for MSFs, MSMCs, and PMs, respectively. The 0 time protein contentfor the same dishes was 0.20, 0.15, and 0.18 mg/35-mm dish, respectively. The data point for MSMCs at 72 hours in FBS was lost.

Figure 5-Microscopic appearance of cellular Dil fluorescence in monkey skin fibroblasts after incubation in lipoprotein-free medium. Cells were in-
cubated for 2 hours at 37 C (pulse period) with Dil-LDL as described for Figure 3. Cellular fluorescence after the pulse period is shown in A. Cells werethen incubated at 37 C for up to 96 hours in medium containing LPDS exactly as described in the legend to Figure 3. Cellular fluorescence was examined
after 24 (B), 48 (C), and 72 (D) hours in cells washed, fixed, and prepared for fluorescence microscopy as described in Materials and Methods. (x 810)
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Figure 6-Microscopic appearance of cellular Dil fluorescence in monkey smooth muscle cells and mouse peritoneal macrophages after incubation
in lipoprotein-free medium. MSMCs and PMs were incubated for 2 hours at 37 C (pulse period) with Dil-LDL and Dil-acetyl-LDL, respectively, as described
in Figure 3. Cellular fluorescence after the pulse period is shown in A (MSMCs) and C (PMs). Cells were incubated and processed as described in
the legend to Figure 4, and cellular fluorescence after a 72-hour chase period is illustrated in B (MSMCs) and D (PMs). (x 810)

fluorescent perinuclear regions (Figure 5B). After 48
and 72 hours there appeared to be further coalescence
and some redistribution of the fluorescent material to
the periphery of the cell (Figure 5C-D). Although some
similarities in the pattern of cellular fluorescence were

seen for the smooth muscle cells and macrophages (Fig-
ure 6B and D), the diffuse cytoplasmic fluorescence and
redistribution of fluorescence was much less pronounced
in these cells. The decrease in the cellular content of
fluorescent material, as determined microscopically, was
most apparent in the macrophages (Figure 6C-D).

In order to determine whether uptake of LDL could
be accurately quantified by measurement of DiI fluores-
cence of the cells, we incubated identically prepared
dishes of skin fibroblasts, smooth muscle cells, and mac-
rophages at 37 C with experimental medium contain-
ing 5 pg 12Il-LDL protein/ml and 5 pg DiI-LDL pro-

tein/ml (fibroblasts and smooth muscle cells) or 5 ,ug
12II-acetyl-LDL protein/ml and 5 ,ug DiI-acetyl-LDL
protein/ml (macrophages). At each time point the nano-
grams of 125I-lipoprotein internalized and degraded were

calculated from the specific activity of the 125I-lipopro-
tein. In addition, the ng of 125I-LDL bound to the cell
surface was determined for fibroblasts and smooth mus-
cle cells from the amount of 125I released after treat-
ment of the cells with trypsin. In a similar manner, the
uptake of DiI-lipoprotein was determined by dividing
the nanograms of DiI per dish by the specific activity
of the DiI-lipoprotein. It was not possible to determine
lipoprotein bound with the use of the DiI fluorescence,
because the amount of bound fluorescence was below
the lower limit of sensitivity. The results of this experi-
ment are shown in Figure 7. It is apparent from these
data that the pattern of uptake of the 1251 and DiI-
labeled lipoproteins is remarkably similar.
To determine the extent to which the two methods

of labeling lipoproteins would give similar quantitative
values for total lipoprotein metabolism, we compared
the sum of 125I-lipoprotein internalized and degraded
at each time point with cellular DiI uptake. The 1251
bound was not included, because surface-bound LDL
is lost and would not be quantified after trypsin treat-
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Figure 7-Comparison of cellular uptake of Dil-lipoproteins with binding,
internalization, and degradation of '251-lipoproteins. Cells were incubated
at 37 C with 5 Mg protein/ml of Dil-lipoprotein and 5 MAg protein/ml of 1251
lipoprotein. At the indicated times the cells were harvested and analyzed
for either Dil content or 1251-lipoprotein bound (as determined by trypsin
release), 1251 cell-associated and 1251 degraded. Results are the mean of
duplicate dishes. The monkey smooth muscle cells averaged 0.39 mg pro-
tein/dish; the monkey skin fibroblasts, 0.80 my protein/dish; and the mouse
peritoneal macrophages, 0.41 mg protein/dish.

ment of the cells incubated with DiI-LDL. Surface-
bound LDL, however, represents only a small percent-
age (<5%7e) of total 125I-LDL metabolized under these
conditions. As shown in Figure 8, Dil-labeled LDL gave
quantitative values for the uptake of LDL by both skin
fibroblasts and smooth muscle cells that were essentially
identical with that of 125I-LDL. However, approximately
18% more DiI-acetyl-LDL than 1251-acetyl-LDL was
taken up by peritoneal macrophages.
To determine whether this greater uptake of DiI-

acetyl LDL was truly the result of the DiI label, rather
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Figure 8-Comparison of cellular uptake of Dil-lipoproteins with total 1251-
lipoproteins metabolized. The data from Figure 7 have been compared by
representing the sum of 1251 cell-associated and degraded as the total 1251-
lipoprotein metabolized and comparing this value with the cell associated
Dil. Results are the mean of duplicate dishes.

than some unrecognized error in the quantification of
the uptake of DiI-LDL, we incubated mouse perito-
neal macrophages with DiI-1251-acetyl-LDL or 1251-
acetyl-LDL that was prepared from a single batch of
12II-acetyl-LDL. The effect of the DiI label on the up-
take and degradation of the 1251-acetyl-LDL is shown
in Figure 9. Consistent with the results in Figure 8, the
addition of the DiI produced a 20% increase in the up-
take and degradation of acetyl-LDL.

Discussion

Results of this study have confirmed and extended
previous reports by others78',820 using DiI-labeled

I
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Figure 9-Comparison of internalization and degradation of 1251-acetyl-LDL
(U, *) and Dil-'251-acetyl-LDL (0, 0). Mouse peritoneal macrophages were
incubated at 37 C with 10 yg protein/ml of either 1251-acetyl-LDL or Dil-'251-
acetyl-LDL. A single batch of 1251-acetyl-LDL was prepared, and a portion
was taken for labeling with Dil. At the indicated times the cells were har-
vested and analyzed for 1251 cell-associated and 1251 degraded. Results are
the mean of triplicate dishes. The cells averaged 0.46 mg protein/dish.

lipoproteins to follow the uptake of lipoproteins by skin
fibroblasts, smooth muscle cells, hepatocytes, and mac-

rophages in culture. Under appropriate conditions the
DiI from uptake of DiI-labeled lipoproteins is quan-

titatively retained by cells, which makes it possible to
use the DiI label to quantify the uptake of LDL by the
spectrofluorometric determination of DiI in lipid
extracts from the cells. The use of the DiI label to quan-
tify lipoprotein uptake has been validated by compari-
son with the uptake and degradation of '25I-lipopro-
teins. Another advantage of this technique is that the
same Dil-labeled lipoproteins can be used for the mi-
croscopic examination of cellular uptake. Thus, both
quantitative uptake and morphologic characteristics can
be evaluated in parallel.
The sensitivity of the spectrofluorometric method de-

pends on two principal factors: 1) the limit of detect-
ability of the DiI, which is approximately 10 ng/ml chlo-
roform under the conditions of this study, and 2) the
extent of DiI labeling of the lipoproteins. In the cur-

rent study there were approximately 26 molecules of
DiI per molecule of LDL (28.2 ng DiI/,ug LDL pro-

tein). This compares with approximately 45 DiI mole-
cules per LDL molecule reported in the studies by Barak
and Webb"9 and approximately 55 ng DiI/Mg LDL pro-

tein in the studies by Pitas et al.8 These differences in
the degree of labeling are probably attributable to a

number of factors, including minor differences in the
methodology of labeling, differences in the source of
lipoproteins, and differences in the composition of the
lipoproteins. Increasing the number of DiI molecules
per molecule of LDL, within the range used by us and
others, does not appear to affect the chemical, physi-
cal, or biologic properties of the LDL8 19; however, data
from this study (Figure 9) suggests that the presence

of DiI on acetyl LDL enhances its uptake by macro-
phages. The extent to which this is affected by the de-
gree of labeling with DiI was not tested. This effect of
DiI on uptake of acetyl LDL by the macrophage scav-
enger receptor is not entirely unexpected. A variety of
chemical and biologic alterations in LDL will enhance
uptake by the scavenger receptor.6 One potential mech-
anism whereby DiI could alter the uptake of acetyl LDL
is by a change in the surface charge of the acetyl LDL
due to the net positive charge of each DiI molecule. It
is well known that alterations in charge of the protein
can have major affects on binding to the scavenger
receptor.6 Regardless of the mechanism, the addition
of a similar number of DiI molecules to LDL had little
influence on uptake via the LDL receptor pathway and
did not induce the uptake of DiI-LDL by macrophages
in these experiments.
A consistent finding of the current study was the re-

duced efficiency of DiI labeling of acetyl LDL (5.9 ng
DiI/,ug lipoprotein), compared with DiI-LDL, which
was subsequently acetylated (28.2 ng DiI/pg lipopro-
tein). The DiI is thought to associate with the surface
of the lipoprotein in much the same manner as phos-
pholipid.'9 Therefore, the reduced DiI labeling of the
acetyl LDL may be the result of steric hindrance by the
acetyl groups for access of DiI to the lipoprotein sur-
face. Another possibility is that the acetylation alters
the surface polarity of the LDL thus affecting the par-
titioning of DiI at the LDL surface during the labeling
procedure. As a result, if a high degree of labeling is
desired, it is better to label the LDL with DiI before
acetylation.

Net uptake of DiI-LDL could be detected spectroflu-
orometrically in normal skin fibroblasts and smooth
muscle cells after approximately 10 minutes of incuba-
tion at 37 C. When compared with the uptake of l2I-
LDL (sum of cell associated + degraded 125I), DiI-LDL
uptake was virtually identical at all time points studied
up to 24 hours of incubation. This suggests that there
is little loss of DiI from the cells during the 24 hours
that DiI-LDL is in the culture medium.
When the DiI-LDL was removed from the medium,

the cellular content of DiI decreased by 5-15%7o in the
first 24 hours, regardless of the cell type or composi-
tion of culture medium. In skin fibroblasts there was
no further loss of DiI for up to 96 hours of incubation,
regardless of the culture medium. In contrast, smooth
muscle cells lost up to 40%7o of their DiI content by 96
hours when cultured in medium containing lipoprotein-
deficient serum. This loss was reduced to 18%o in the
presence of whole serum. A similar pattern was ob-
served in macrophages, with the 60% loss at 96 hours
in lipoprotein-deficient serum-containing medium be-
ing reduced to a 9070 loss when cultured in the presence
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of whole serum. Much of the DiI lost from smooth mus-
cle cells and macrophages during the chase period could
be recovered from the culture medium, suggesting that
the DiI was lost from the cells rather than being con-
verted into a nonfluorescent molecule. The effect of
whole serum in preventing the loss of DiI is presum-
ably due to the presence of lipoproteins, because lipo-
protein-deficient serum contains all of the plasma pro-
teins except the lipoproteins. The initial 5-15% loss of
DiI occurred in all cells during the chase period, regard-
less of media composition, which suggests that it may
represent a different mechanism than occurred during
longer incubations with LPDS only. One possibility
is the retroendocytosis of newly internalized lipopro-
teins.21 The long-term retention of DiI by cells incubated
in the presence of serum observed in this study is simi-
lar to the results reported by Pitas et al,7 who showed
that in neither human skin fibroblasts nor mouse peri-
toneal macrophages was there loss of DiI after incuba-
tion for up to 120 hours in medium supplemented with
serum. The loss of DiI from macrophages and skin
fibroblasts incubated in LPDS medium cannot be at-
tributed to cell death, because the amount of cell pro-
tein per dish remained constant or increased slightly.
The most likely possibility for the loss of DiI in the ab-
sence of whole serum is that serum lipoproteins are
necessary for the maintenance of normal cell membrane
function and in their absence cell membrane turnover
is enhanced and cellular integrity is abnormal, result-
ing in the loss of DiI. If this is true, then there must
be some difference in membrane structure or metabo-
lism in skin fibroblasts, compared with smooth muscle
cells and macrophages. The difference in DiI retention
by the various cell lines could also be related to the pat-
tern of cytoplasmic redistribution of DiI seen during
the chase phase in fibroblasts, but to a lesser extent in
smooth muscle cells and macrophages. This peripheral
redistribution may represent either active or passive
transfer of the DiI from the perinuclear region of cells
(presumably within lysosomes) to other cellular loca-
tions. Further characterization of this phenomenon and
the effects of lipoprotein-deficient serum on the reten-
tion of DiI might provide new insights into the role of
lipoproteins in such cellular processes as lysosomal sta-
bility and membrane turnover.

Pitas et al7'8 have shown that Dil-labeled LDL and
acetoacetylated LDL can be used to distinguish smooth
muscle cells from macrophages in mixed cell cultures
and in cells that migrate from atherosclerotic plaques
onto tissue culture dishes. Although theoretically this
approach could be used for the determination of the
relative number of foam cells derived from macro-
phages and smooth muscle ceUs within an atheroma,

this technique has not yet been successfully applied to
atherosclerotic tissues. Because specific uptake of DiI-
LDL occurs only in cells with LDL receptors (smooth
muscle cells and skin fibroblasts) and acetoacetylated
LDL and acetyl LDL are taken up only by macrophages
and perhaps also endothelial cells22 that posses scav-
enger receptors, it may be possible by incubating
atherosclerotic lesions with Dil-labeled lipoproteins to
quantify spectrofluorometrically the accumulation of
DiI from specific Dil-labeled lipoproteins and thus es-
timate the relative proportion of macrophages and
smooth muscle cells. Furthermore, the DiI label pro-
vides a simple method for labeling lipoproteins (per-
haps under conditions where radiolabeling cannot be
used) and for simultaneous visualization and quantifica-
tion of their uptake by cells in culture.

References
1. Fowler S, Shio H, Haley NJ: Characterization of lipid-

laden aortic cells from cholesterol-fed rabbits: IV. Inves-
tigation of macrophage-like properties of aortic cell popu-
lations. Lab Invest 1979, 41:372-378

2. Schaffner T, Taylor K, Bartucci EJ, Fischer-Dzoga K, Bee-
son JH, Glagov S, Wissler RW: Arterial foam cells with
distinctive immunomorphologic and histochemical fea-
tures of macrophages. Am J Pathol 1980, 100:57-80

3. Gerrity RG: The role of the monocyte in atherogenesis:
I. Transition of blood-borne monocytes into foam cells
in fatty lesions. Am J Pathol 1981, 103:181-190

4. Lewis JC, Taylor RG, White MS: Monocyte migration
and endothelial cell turnover: Simultaneous events at the
edge of atherosclerotic lesions (Abstr). Circulation 1983,
68(Suppl III):300

5. Goldstein JL, Brown MS: The low-density lipoprotein
pathway and its relation to atherosclerosis. Ann Rev Bio-
chem 1977, 46:897-930

6. Brown MS, Goldstein JL: Lipoprotein metabolism in the
macrophage: Implications for cholesterol deposition in
atherosclerosis. Ann Rev Biochem 1981, 52:223-261

7. Pitas RE, Innerarity TL, Mahley RW: Foam cells in ex-
plants of atherosclerotic rabbit aortas have receptors for
fl-very low density lipoproteins and modified low density
lipoproteins. Atherosclerosis 1983, 3:2-12

8. Pitas RE, Innerarity TL, Weinstein JN, Mahley RW:
Acetoacetylated lipoproteins used to distinguish fibro-
blasts from macrophages in vitro by fluorescence micros-
copy. Arteriosclerosis 1981, 1:177-185

9. St Clair RW, Mitschelen JJ, Leight MA: Metabolism by
cells in culture of low-density lipoproteins of abnormal
composition from non-human primates with diet-induced
hypercholesterolemia. Biochim Biophys Acta 1980, 618:
63-79

10. St Clair RW, Smith BP, Wood LL: Stimulation of cho-
lesterol esterification in rhesus monkey arterial smooth
muscle cells. Circ Res 1977, 40:166-173

11. Goldstein JL, Ho YK, Basu SK, Brown MS: Binding site
on macrophages that mediates uptake and degradation
of acetylated low density lipoproteins, producing mas-
sive cholesterol deposition. Proc Natl Acad Sci USA 1979,
76:333-337

12. Edelson PJ, Cohn ZA: Purification and cultivation of
monocytes and macrophages, In Vitro Methods in Cell-



Vol. 121 * No. 2 CELL UPTAKE OF FLUORESCENT LIPOPROTEINS 211

Mediated and Tumor Immunity. Edited by BR Bloom,
JR David. New York, Academic Press, 1976, pp 333-340

13. Bligh EG, Dyer WJ: A rapid method of total lipid ex-
traction and purification. Can J Biochem Physiol 1959,
37:911-917

14. Kashyap ML, Hynd BA, Robinson K: A rapid and sim-
ple method for measurement of total protein in very low
density lipoproteins by the Lowry assay. J Lipid Res 1980,
21:491-495

15. Brown MS, Basu SK, Falck JR, Ho YK, Goldstein JL:
The scavenger cell pathway for lipoprotein degradation:
Specificity of the binding site that mediates the uptake
of negatively-charged LDL. J Supramol Struct 1980,
13:67-81

16. Beisiegel U, Schneider WJ, Goldstein JL, Anderson RGW,
Brown MS: Monoclonal antibodies to the low density
lipoprotein receptor as probes for study of receptor-
mediated endocytosis and the genetics of familial hyper-
cholesterolemia. J Biol Chem 1981, 256:11923-11931

17. Unkeless JC, Gordon S, Reich S: Secretion of plasmino-
gen activator by stimulated macrophages. J Exp Med
1974, 139:834-850

18. Barak LS, Webb WW: Diffusion of low density lipopro-
tein-receptor complex on human fibroblasts. J Cell Biol
1982, 95:846-852

19. Barak LS, Webb WW: Fluorescent low density lipoprotein
for observation of dynamics of individual receptor com-
plexes on cultured human fibroblasts. J Cell Biol 1981,
90:595-604

20. Havekes L, Hinsbergh VV, Kempen HJ, Emeis J: The
metabolism in vitro of human low-density lipoprotein by
the human hepatoma cell line Hep G2. Biochem J 1983,
214:951-958

21. Greenspan P, St Clair RW: Retroendocytosis of low den-
sity lipoprotein: Effect of lysosomal inhibitors on the re-
lease of undegraded 121I-low density lipoprotein of al-
tered composition from skin fibroblasts in culture. J Biol
Chem 1984, 259:1703-1713

22. Stein 0, Stein Y: Bovine aortic endothelial cells display
macrophage-like properties toward acetylated 1251I-labeled
low density lipoprotein. Biochim Biophys Acta 1980,
620:631-635

Acknowledgments
We acknowledge the assistance of Mrs. Brenda Warner and

Mrs. Barbara Lindsay in the preparation of the manuscript.


